We have investigated the time-dependent fluctuations in electrical resistance, or noise, in highquality crystalline magnetic nanowires within nanoporous templates. The noise increases exponentially with increasing temperature and magnetic field, and has been analyzed in terms of domain wall depinning within the Neel-Brown framework. The frequency-dependence of noise also indicates a crossover from nondiffusive kinetics to long-range diffusion at higher temperatures, as well as a strong collective depinning, which need to be considered when implementing these nanowires in magnetoelectronic devices.
In recent years, magnetic nanostructures have attracted much interest due to their rich physics and potential application in high density recording and storage, 1 memory, 2 or logic devices. 3 Crystalline magnetic nanowires in self-organized nanoporous templates are of particular interest in this context, since they are not only attractive as perpendicular storage medium, 1 but may also form the backbone to various designs of nonvolatile domain wall (DW)-based dynamic memory. The latter relies on the spin torque effect, where a spinpolarized current can manipulate both the location and movements of the DW, and has been widely implemented in magnetic multilayers, 4 or in patterned nanowires from magnetic thin films. 3, 5, 6, 7, 8, 9, 10, 11 However, in spite of potential application in 3D micoelectronics, The high aspect ratio of 120 − 1000 in our NiNWs ensures magnetization along the wire axis due to shape anisotropy. The cross-sectional scanning electron micrograph of nanowires, embedded inside an alumina template, is shown in Fig. 1a . 
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For electrical measurements, the NiNWs were grown after coating the membranes on one side with thin gold film, which also acts as cathode during electrodeposition (inset of Fig. 2a ). The time-dependent fluctuations in the nanowire resistance were measured in a dynamically balanced Wheatstone bridge configuration, followed by amplification, digitization and digital signal processing. 18, 19 The T dependence of resistance R of the NiNWs shows metallic behavior down to T = 4.2 K (not shown) which, following Ref. [18] , also allowed evaluation of approximate number of nanowires between the metallic leads (≈ 1100 in the device presented here). For all noise measurements, T was held constant with an accuracy of ∼ 1 ppm, and the measurement current density was chosen to be 1.4 × 10 4 A/cm 2 . Fig. 1d shows typical time series of resistance fluctuations (after subtracting the mean) for two temperatures (T = 80 K and 300 K) at H = 0 T, which clearly demonstrate the influence of thermal fluctuations. Fig. 2 shows the evolution of the power spectral density (PSD), S R , of resistance noise as a function of T at H = 0 T for a set of pristine freshly grown nanowires in polycarbonate templates. First, the functional form of S R ∼ 1/f α , indicates a wide distribution of time scales in the relaxation mechanism that produce noise. 20 Moreover, an exponential increase in the noise magnitude (at all frequency f ) with increasing T indicates such time scales follow activated kinetics (Fig. 4a ). An immediate explanation of this observation could be found in the pinning-depinning of magnetic DWs, where the pinning lifetime τ determines the overall "diffusivity" of the DWs, and hence the magnitude of noise. Within the Neel-Brown framework of magnetization reversal,
where f 0 is the attempt frequency, and E(H) = E 0 − 2M s V H is the field dependent energy barrier (E 0 , M s and V are the bare pinning potential, saturation magnetization and activation volumes, respectively). There have been several experimental reports on NeelBrown relaxation in DW depinning in particular for thin magnetic films, 21 which suggest the DWs to be pinned at microtwins with a wide distribution of depinning lifetimes arising from a broad density of states in E 0 . Defects in the form of microtwins and dislocations have already been shown to form in electrodeposited nonmagnetic nanowires as well.
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In order to further probe the validity of Neel-Brown scenario in our case, we have subsequently measured the resistance fluctuations as a function of H at T = 300 K. As shown in Fig. 3 , increasing H from 0 to ±2000 Gauss leads to a nearly three orders of magnitude enhancement in noise magnitude (expressed as normalized variance δR
Although the behavior of noise is symmetric about H = 0, the hysteresis between the forward and backward sweeps indicate a significant irreversible component in the magnetization reversal process. 19 However, the overall behavior of noise can be readily understood from a field-induced increase in τ −1 , and also provides a reasonable estimate of the activation
, where D DW is the DW diffusivity. 22 Taking a factor of ≈ 500 increase in noise at H = 2000 Gauss, and M s ≈ 480 emu/cc, we find V ≈ (6 nm) 3 , indicating nucleation to take place around a localized defect, rather than the entire nanowire volume.
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With both T and H dependence of noise strongly indicating existence of mobile DWs, we now focus on two intriguing features of the zero-field noise that reveals the stochastic nature of DW propagation in our NiNWs. First, we note from Fig. 2 that the frequency exponent α of PSD is T -dependent itself. The variation of α which, as shown in Fig. 4b , gradually changes from ∼ 1 to 3/2 as T is increased. It has been shown both theoretically 22 and experimentally 23 that the latter limit is a direct manifestation of long-range diffusion of the scattering species through a percolative or fractal network. Indeed, such a scenario can be envisaged for magnetic systems as well arising from an interplay between magnetic anisotropy and demagnetization fields. 21, 24 In our case, the transition of α from 1 to 3/2 thus indicates a crossover from hopping to diffusive kinetics of the DWs in magnetic nanowires with increasing T . The influence of measuring current, which is kept several orders of magnitude lower than its typical critical magnitude (∼ 10 8 A/cm 2 ) for DW motion is unclear at present, and a measurement of noise as a function of both excitation current and temperature is in progress.
Second, the noise data also probes the collectivity of scatterer (DWs) kinetics by investigating the Gaussianity of noise. Fig. 4c shows a statistics of the resistance jumps (δR) between two successive states, 19 for four different values of T (at H = 0 T). At low T , where DW kinetics is nondiffusive, the noise statistics is essentially Gaussian, but as T is increased above ∼ 260 K a non-Gaussian tail becomes evident. Such a non-Gaussianity in noise indicates the DW movements inside the nanowire are highly correlated, and expectedly becomes significant when the DWs undergo long-range diffusion. This may be of significance in DW-based device applications, where the manipulation of a particular domain may have a considerable influence on the magnetization and kinetics of other domains in proximity as well.
In summary, we have probed the formation and kinetics of domain walls in electrodeposited Nickel nanowires by electrical noise measurement. The temperature and magnetic field dependence of noise measurement are consistent with thermally assisted depinning of domain walls, and can be analyzed within the Neel-Brown framework. We also found the domain wall kinetics to be diffusive and strongly correlated at higher temperatures. 
